We propose and demonstrate a 5-cm-long monolithic dual-wavelength single-longitudinal mode distributed Bragg reflector (DBR) all-phosphate fiber laser. Strong UV-induced fiber Bragg gratings are directly written in highly Er/Yb codoped phosphate fiber. The separation between gratings is selected as 1 cm to only excite two longitudinal modes in the DBR cavity. By exploiting the spatial hole burning effect and the polarization hole burning effect, stable narrow-linewidth dual-wavelength lasing emission with 38 pm wavelength spacing and a total emitted power of 2.8 mW is obtained from this DBR fiber laser. A microwave signal at 4.58 GHz is generated by the heterodyne detection of the dual-wavelength laser.
Introduction
Phosphate glass fiber is an important medium for building compact and monolithic optical fiber lasers, as the fiber is capable of hosting higher concentration of erbium and ytterbium ions without causing cluster formation [1] . However, the lack of photosensitivity in phosphate glass fiber often prevented the integration of UV-written intrafiber gratings into the laser cavity. Many phosphate fiber lasers were built by incorporating external reflector mirrors, such as depositing thin film coatings on fiber facets or fusion splicing with conventional silica-based fiber Bragg gratings (FBGs) [2] [3] [4] [5] [6] [7] . For these hybrid phosphatesilica glass devices, optical losses and mechanical instabilities at the splicing points present inherent challenges due to the different thermal properties of the two glass types. Recently, we have successfully written strong and thermally stable Bragg gratings directly in phosphate glass fibers using an ArF excimer laser [8, 9] , and we have demonstrated compact and monolithic cladding-pumped distributed feedback (DFB) lasers in Er/Yb codoped phosphate fiber [10] [11] [12] . In [11] , a spectrally narrow dual-wavelength laser emission is obtained by cascading two DFB phosphate fiber lasers with pump light propagating in the cladding of the laser chain. In this paper, we demonstrate a dual-wavelength emission from one short monolithic core-pumped distributed Bragg reflector (DBR) phosphate fiber laser. However, because erbium-doped fiber is a homogenously broadened gain medium, the severe mode competition imposes a challenge to achieve simultaneous multiple wavelength oscillation. To establish stable dualwavelength lasing at room temperature, various techniques have been employed to reduce the mode competition. These include exploiting the spatial hole burning effect in a linear cavity [13, 14] , utilizing two spatially separated phase-shifted DFB structures [15, 16] , exploiting the polarization hole burning effect by using polarization-maintaining FBGs [17] [18] [19] [20] , inserting a piece of unpumped erbium-doped fiber as a saturable absorber [21, 22] and even incorporating a semiconductor optical amplifier as an inhomogenously broadened gain medium [23] [24] [25] [26] .
In this paper, a 5-cm-long DBR cavity is formed by directly inscribing a pair of 2-cm-long uniform FBGs into Er/Yb codoped phosphate fiber as briefly reported in a short conference paper [27] . Here we present detailed results and analysis about the DBR fiber laser fabrication and optical properties. This complete analysis helps to fully explain the underlying mechanism of the stable dual-wavelength lasing operation of the proposed fiber laser. The 1-cm-long separation between FBGs ensures that only two Fabry-Perot (FP) transmission resonances exist within the grating bandwidth. Therefore, only two longitudinal modes are oscillating in the laser cavity. A polarization analysis of the laser output shows that the two lasing modes belong to different linear polarization states owing to the UV-induced birefringence from the grating inscription. Hence, stable dual-wavelength emission with 38 pm wavelength spacing is achieved by exploiting the spatial hole burning effect and the polarization hole burning effect to reduce mode competition. The characterization on the states of polarization of the dualwavelength laser output, along microscopic images of the UV-induced surface damages on the phosphate glass fiber, suggests that the stable dual-wavelength lasing operation can be mainly attributed to the polarization hole burning effect. Compared with other dual-wavelength fiber lasers, the proposed DBR fiber laser has the advantages of simple structure, effective cost, and ease of fabrication. Without using polarization maintaining fiber, the small UVinduced birefringence in the doped fiber is sufficient to achieve the stable dual-wavelength emission. The slope efficiency of the proposed dual-wavelength phosphate fiber laser is low. This is mainly because of the relatively low UV photosensitivity of phosphate fibers (compared to silica fibers), which prevents the achievement of high reflectivity gratings with optimized refractive index modulation along the fiber axis as well as because of the large splice losses between the phosphate fiber and SMF-28 fiber. However, achieving a high slope efficiency is not the absolute requirement for most applications of this type of laser [19, 21, 26 ].
Experimental Setup
Configuration of the proposed short dual-wavelength DBR phosphate fiber laser is shown in Fig. 1 . A 980 nm laser diode delivers up to 500 mW pump light to the doped phosphate fiber through a 980/ 1550 nm wavelength division multiplexer (WDM). We measure the laser signal in the same direction as the pump light propagation in this codirectional pump configuration. The whole DBR laser cavity is fabricated on a 5-cm-long Er/Yb co-doped phosphate fiber, whose core is doped with 1 wt.% Er 2 O 3 and 2 wt.% Yb 2 O 3 . The phosphate fiber was fusion spliced to standard telecommunications fiber pigtails (Corning SMF-28) for compatible use with other devices. Intracore Bragg gratings were directly written in the phosphate glass fiber using a phase mask irradiated by intense UV radiation from a pulsed 193 nm ArF excimer laser. As shown in Fig. 1 , two uniform FBGs (FBG1 and FBG2), each 2 cm long, were inscribed on each side of the phosphate fiber individually. The unexposed separation between them is 1 cm long. During grating fabrication, FBG1 was first written with a 2-cm-long phase mask, and then FBG2 was written with the same phase mask after the fiber had been manually translated to its desired position. To keep the resonance peaks of the gratings matched, the same tension was applied on the phosphate fiber during the fabrication of both gratings. The reflectivities of FBG1 and FBG2 are 95% and 90%, and the lower reflectivity FBG2 is used as the output coupler of the laser.
Experimental Results and Discussion
The spectral characteristics of the DBR gratings were measured with an optical spectrum analyzer (OSA). Figure 2 illustrates the transmission spectra of a single-grating FBG1 and of the dual-grating DBR structure written in the doped phosphate fiber. The Bragg resonances of the gratings FBG1 and FBG2 are at 1531.25 nm. The FP transmission maxima are not clearly observed in the grating rejection band, mainly because the narrow bandwidths of FP transmission peaks are beyond the resolution limit (0.01 nm) of the OSA and also because of losses within the FP cavity when the fiber is not pumped [28] . For this FP cavity, the theoretical wavelength spacing between the transmission resonance peaks is calculated to be 38 pm according to the formula given in [29] . Therefore, only two FP resonances can oscillate within the about 100 pm 3 dB bandwidth of the FBGs. The fabricated DBR cavity is then employed to build the monolithic dual-wavelength phosphate fiber laser, according to the schematic shown in Fig. 1 . Fig. 1 . Schematic of the short dual-wavelength singlelongitudinal mode DBR phosphate fiber laser.
As the heavily doped fiber generates the excessive heat upon high pump power, in this forward pump configuration, FBG1 will experience a larger heatinduced redshift in wavelength than FBG2. This wavelength mismatch poses a potential difficulty in achieving laser oscillation. To avoid the heatinduced wavelength mismatch between FBG1 and FBG2, a passive cooling scheme is used by mounting the doped fiber on a metal plate. Figure 3 illustrates the optical spectra of the DBR phosphate fiber laser at launched pump powers of 350 and 500 mW, respectively. We should note that the real launched pump powers into the doped phosphate fiber are only 223 and 319 mW because of the large total splice losses between 980 nm laser diode pigtail and the doped phosphate fiber. Dualwavelength lasing at the designed Bragg wavelength is observed, and the optical signal to noise ratio is about 60 dB. The linewidths of each lasing peak are too narrow to be resolved by the OSA. The wavelength spacing of the two lasing peaks is 38 pm, which agrees with the theoretical longitudinal mode spacing of this DBR structure. The output powers at the two laser emission peaks are nearly equal at a pump power of 350 mW, but when the pump power is increased to 500 mW, the long wavelength lasing peak is favored. This suggests that the cavity loss of the two longitudinal lasing modes is pump power dependent. We note that, although the laser cavity is passively cooled by mounting the fiber on a metal plate, during laser operation the transmission spectra of our DBR structure changes slightly as a result of pump induced residual temperature variations.
In order to investigate long-term stability of the laser output, the optical spectra of the dualwavelength fiber laser pumped at 500 mW are measured at time intervals of 1 min, as shown in Fig. 4(a) . The laser spectrum is stable over the Fig. 2 . Transmission spectra of the uniform FBG1 and the DBR grating structure in the Er/Yb-doped phosphate fiber. Fig. 3 . Optical spectra of the dual-wavelength DBR phosphate fiber laser pumped at 350 and 500 mW. observation period. The stabilities of output power and lasing wavelength of the two lasing peaks are plotted in Figs. 4(b) and 4(c) . As shown in the figures, both lasing wavelengths are stable with variations of less than 10 pm, which is the resolution limit of the OSA. The peak output powers at each lasing wavelength exhibit different fluctuations: the strong lasing peak with an output power of 2.98 dBm (1.99 mW) varies by 0.48 dB over the observation period. In contrast, a larger relative power variation of up to 1.53 dB is observed for the weak lasing peak with an output power of −1.16 dBm (0.77 mW). In absolute terms, the peak output powers fluctuate at both emission wavelengths by 0.1 mW. The laser performance is stable over a long-term period. One additional measurement was taken after 1 h of the laser continuously running, showing consistent wavelength and output power with those measured during the first 15 min. It appears difficult at this time to increase the slope efficiency of this structure beyond about 1%, as achieved here, because of the combination of constraints that come into play simultaneously: basically the limited maximum index modulation of this photosensitive process makes it difficult to achieve laser cavity mirrors with high reflectivity and sufficient bandwidth to cover the two lasing wavelengths. The index modulations of FBG1 and FBG2 are 7.1 × 10 −5 and 5.8 × 10 −5 , respectively. A further improvement of index modulation can be accomplished by increasing the pulse fluence of the UV laser used for grating fabrication or employing a thermal growth process by heating gratings at high temperatures, which is a unique feature for phosphate FBGs [8, 9] . Fortunately, high slope efficiency is not an absolute requirement for this type of laser application. Figure 5 shows the measured microwave signal generated by photodetecting the dual-wavelength DBR fiber laser. The measurement is performed with an electrical spectrum analyzer (ESA) operating at a resolution bandwidth of 3 MHz and a sweep span of 600 MHz. The beating signal has noticeable amplitude fluctuations due to the gain competition of the two lasing peaks, but its frequency is stabilized at 4.58 GHz with a drift of less than 30 MHz. The 3 dB bandwidth of the signal is approximately 4 MHz. No strong microwave signal is found at other frequencies, meaning that both lasing peaks correspond to a single longitudinal mode.
The polarization state of the dual-wavelength laser is characterized with an analyzer and the OSA. The laser output spectra through the analyzer oriented at different angles are shown in Fig. 6 . The short-and long-lasing wavelengths are assigned as λ 1 and λ 2 . The reference angle (0°) is defined for the angle corresponding to the maximum power for the dominant longitudinal lasing mode (at λ 2 ). Rotation of the analyzer by 90°minimizes the power of the long wavelength lasing line, but the maximum power output of the short wavelength (λ 1 ) lasing line occurs at an analyzer angle of 70°. The polarization extinction ratio (PER) is about 20 dB at λ 1 and 10 dB at λ 2 . The polarization states of λ 1 and λ 2 are schematically plotted in the inset of Fig. 6 . Ideally, the polarization hole burning effect is most effective for orthogonal polarization states, but this does not appear to be the case here. This deviation of the angle between polarization states has been determined to originate from the grating fabrication process. As the FBGs are side-written with UV exposure from one direction, a UV-induced birefringence is introduced for each FBG. Because of the polarization hole burning effect, the UV-induced birefringence favors light to lase along the orthogonal eigen polarization states for FBGs. The origin of the 70°rotation between the two lasing polarizations was verified to come from an accidental rotation of fiber by the same angle during the manual translation of the fiber between the fabrication of FBG1 and FBG2. This is confirmed by the following observation. Figure 7 shows microscope images of the cladding surface on the ends of the Fig. 5 . Electrical spectrum of the microwave signal generated by the dual-wavelength DBR phosphate fiber laser. UV-induced FBGs. As the phosphate glass is softer than silica glass, an ablation effect readily occurs under intense UV exposure. During the UV inscription of the gratings, small and shallow surface damage [as shown in Fig. 7(c) ] is caused on the phosphate fiber outer cladding surface. Carefully rotating the fiber under microscope objective lens, and comparing the orientation angles of the damage for FBG1 and FBG2, the rotation angle between the UV incident directions is found to be about 70°. The above observation confirms that the stable dual-wavelength oscillation in the DBR cavity is mainly owing to a polarization hole burning effect.
Conclusion
A 5-cm-long core-pumped monolithic DBR fiber laser is fabricated by directly writing Bragg gratings in highly Er/Yb codoped phosphate fiber. Stable narrow-linewidth dual-wavelength emission with a wavelength spacing of 38 pm and a total emitted power of 2.8 mW is obtained from this DBR fiber laser. A microwave signal at a frequency of 4.58 GHz and stability of 30 MHz is generated by this dualwavelength fiber laser. 
